Sequence analysis upstream from the subtilin structural gene (spaS) puter Group (University of Wisconsin) program package. The best homologies were found with the deduced SpaB protein sequence, which showed extensive homologies to a variety of membrane translocator proteins, such as the HlyB protein, which is involved with export of the hemolysin A protein (hemolysin toxin) in E. coli (6). The homologies between SpaB and HlyB are shown in Fig. 3 . Included in the regions of homology are five transmembrane helices and an ATP-binding region. The HlyB protein has previously been shown to have homologies to many different membrane translocators, including human and other mammalian proteins involved with multidrug resistance (3). As would be expected, the SpaB protein also shows homologies to these proteins (data not shown).
Subtilin is an antimicrobial peptide that is synthesized by a ribosomal mechanism in Bacillus subtilis ATCC 6633 (1) . The mature 32-residue peptide contains many unusual amino acids, such as lanthionine and dehydroalanine, that are introduced by posttranslational processes (1) . The specific biochemical events as well as the genes and proteins involved in the maturation of the subtilin precursor peptide are not known. The ability to produce subtilin has recently been transported (5) from the natural producer (B. subtilis ATCC 6633) to a strain that does not produce subtilin (B. subtilis 168). Because this transfer was achieved by competence transformation, it seems likely that the genes involved with subtilin maturation are located near the gene for the subtilin precursor peptide, and they may be in the same operon. The presence of a strong terminator immediately downstream from the subtilin gene (1, 5) appears to define the 3' end of an operon, so we have studied the sequences upstream from the subtilin gene. In this paper, we present the sequences of several open reading frames (ORFs) upstream from the subtilin gene and show that interruption of one of them (SpaB) destroys the ability of the cell to secrete active subtilin.
Sequences and organization of ORFs upstream from the subtilin structural gene (spaS). The nucleotide sequence of the region upstream from the spaS gene, the deduced protein sequences, and putative ribosome binding sites are shown in Fig. 1 . Major restriction sites and ORFs in this sequence are shown in Fig. 2 .
SpaB has extensive sequence homology to the HlyB transport protein from Escherichia coli. The deduced protein sequences for the ORFs in the genes designated spaB, spaC, and spaD were used for homology searches of the GenBank data base with the TFASTA program in the Genetics Com-* Corresponding author.
puter Group (University of Wisconsin) program package. The best homologies were found with the deduced SpaB protein sequence, which showed extensive homologies to a variety of membrane translocator proteins, such as the HlyB protein, which is involved with export of the hemolysin A protein (hemolysin toxin) in E. coli (6) . The homologies between SpaB and HlyB are shown in Fig. 3 (Fig. 3) . One involves a 30-residue region located about 12 residues from the N terminus of SpaD and a region located about 15 residues from the C terminus of HlyD. The second homology was between a 45-residue region in the middle of SpaD and a region about 100 residues from the C CTAAGCCTTATGGAGGCTGCAGAACAGCTTTTCGAAGACAGCAAAGTTGTTGAAATGATGATTAGAATGCACCGGATGAAAGATATTACGATAAGC 99
Nucleotide sequence upstream from the subtilin structural gene. The sequence of DNA cloned from a bacteriophage X library of B. subtilis ATCC 6633 DNA (1) was determined by the dideoxy chain termination method and by using the Sequenase II sequencing kit supplied by United States Biochemical Corp., Cleveland, Ohio. The structural gene for the subtilin precursor (spaS) has been previously reported (1) . Genes are designated spaB, spaC, and spaD for the putative ORFs SpaB, SpaB, and SpaD, respectively. (Fig. 1) Fig. 3) . SpaB is clearly a membrane-associated protein.
There is also an ATP-binding domain at amino acid positions 355 to 545. SpaB also shows strong homology to HlyB in the hemolysin operon, and SpaD shows homologies to HlyD (Fig. 3) . The overlapping region between the ORF of spaB and the ORF of spaC contains a sequence (TGGAGGAGGAAGGCAGTAAATG GAAAGA) that is typical of a prokaryotic frameshift sequence (4, 9, 10) . It Interruption of the spaB gene interferes with subtilin production, as determined by a halo assay. The location of the spaB gene a short distance upstream from the subtilin structural gene (spaS) raises the possibilities that both genes are in the same operon and that the SpaB protein is involved in subtilin biosynthesis. One way to establish involvement of the spaB gene is to inactivate it and observe the effect on subtilin production. Inactivation of the spaB gene was achieved by integrating a cat gene into the structural region of the spaB gene. The strategy to carry out the integration is described in the legend to Fig. 4 . The effect of the integration of the cat gene on subtilin production was tested by a halo assay. Strain CH5, in which the spaB gene has been interrupted, no longer forms the halo that is observed around the parent strain (LH45Ac) (data not shown). We conclude that the loss of halo formation is a consequence of interrupting the spaB gene.
There are several ways to explain the loss of halo formation. One possibility is that the SpaB protein is required for some stage of subtilin maturation or secretion and interruption of the spaB gene resulted in production of a defective SpaB protein.
Another possibility is that there was a polar effect on the transcription of one or more genes that are downstream from the spaB gene, including the spaS gene, as would be expected if downstream genes were part of the same operon. A third possibility is that the region is somehow involved with regulation of subtilin biosynthesis. Although the exact mechanism of interference with subtilin production is uncertain, the result does establish that the region encompassing the spaB gene is involved with subtilin biosynthesis. We note that all the ORFs in this sequence are quite close together, some even overlapping, and that there are no obvious p-independent terminator sequences (containing a GC-rich stem-loop followed by a stretch of T residues) between any of them. The absence of such terminators is further evidence in favor of these ORFs all being part of the same operon.
The posttranslational events in the conversion of the subtilin precursor peptide to mature subtilin include dehydration of serines and threonines to form dehydroalanines and dehydrobutyrines and addition of cysteine sulfhydryl groups to some of the dehydro residues to give lanthionine and ,-methyllanthionine (1). The leader region of the precursor is cleaved, and mature subtilin is secreted. The sequential order of these events is not known. The leader region is unusual and lacks the features that are characteristic of a typical prokaryotic export signal (1, 2) . It is therefore probable that the mechanism of subtilin secretion uses a secretion pathway that is distinct from the pathway mediated by the Sec proteins (7). The SpaB protein, with its homology to other known membrane translocator proteins, is the first indication that the subtilin gene complex contains genes involved with export. The discovery of regions of homology between SpaD and HlyD further supports this idea. Experiments to further characterize these proteins and to search for additional genes for maturation and export of subtilin are in progress.
Nucleotide sequence accession number. Nucleotide se- FIG. 3 . Homology between the deduced protein sequences of ORFs in the subtilin operon and those of ORFs in the hemolysin operon. A region of homology between the sequence of HlyB, which is a transport protein encoded in the hemolysin (hly) operon of E. coli (3, 6) that mediates the export of the hemolysin protein, and the deduced sequence of SpaB in the subtilin (spa) operon (cf. Fig. 1 ) is shown. The numbers refer to amino acid residues in the respective proteins. The SpaB protein is 599 residues long. There is 23% absolute homology (indicated by vertical lines) within the 564-amino-acid region of overlap shown, in addition to many conserved amino acid homologies (indicated by colons). Homologies include both cytoplasmic and membrane-associated domains as well as the ATP-binding domain (cf. the legend to Fig. 2 174, 1992 
